Effect of magnetic fields on pairs of oppositely charged particles in
  ultrarelativistic heavy-ion collisions by Ye, Y. J. et al.
Effect of magnetic fields on pairs of oppositely charged particles in ultrarelativistic
heavy-ion collisions
Y. J. Ye1,2,3, Y. G. Ma1,2, A. H. Tang4 and G. Wang5
1 Key Laboratory of Nuclear Physics and Ion-beam Application (MOE),
Institute of Modern Physics, Fudan University, Shanghai 200433, P.R. China
2Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, P.R. China
3 University of Chinese Academy of Sciences, Beijing 100049, P.R. China
4Brookhaven National Laboratory, Upton, New York 11973, USA
5 Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA
The initial strong magnetic field produced in high-energy nuclear collisions will distort the dis-
tribution of the relative angle between oppositely charged particles within a pair. In this paper,
two experimental observables are examined to quantify such effects: one based on the framework
for detecting the hyperon global polarization, and the other based on the balance function. We
also discuss the optimization of the signal, as well as the expected magnitude ranges for the two
observables.
PACS numbers: 25.75.Ld
I. INTRODUCTION
In noncentral ultra-relativistic heavy-ion collisions,
spectator protons pass by each other at nearly the speed
of light, producing ultra-strong magnetic fields [1]. Such
an enormous magnetic field has many interesting con-
sequences. For example, when acting together with
quantum anomalies, the magnetic field can enhance the
anisotropy of the soft-photon production [2], and polar-
ize photons in opposite ways in the hemispheres above
and below the reaction plane [3–5]. In particular, when
a local domain in the collision system obtains a non-zero
topological charge, the interplay between the strong mag-
netic field and this topological charge can induce electric
charge separation with respect to the reaction plane —
the chiral magnetic effect (CME) [1, 6, 7]. This phe-
nomenon, if confirmed, would indicate the local parity
violation in the strong interaction. Similarly, under the
same strong magnetic field, a non-zero chemical potential
of electric charge can also lead to chiral charge separa-
tion, the chiral separation effect (CSE). Furthermore, the
CME and the CSE can even feed each other, forming a
chiral magnetic wave (CMW) [8]. With these important
implications on the fundamental property of the QCD
vacuum, both the CME and the CMW have been inten-
sively studied at RHIC and the LHC [9–19], though the
observation of these effects in heavy-ion collisions is not
yet conclusive. See [6] for a progress review.
One of the preconditions for the aforementioned novel
phenomena is the initial ultra-strong magnetic field,
which has not been directly detected. Several probes
of the magnetic field have been proposed, such as the
anisotropic charmonium production [20], the separation
in the global polarization between Λ and Λ¯ [21], the di-
rected flow of charm quarks [22], and recently, the pT
broadening of e+e− spectra [23]. In this paper, we in-
spect the imprint left by the magnetic field on pairs of
particles with opposite charges. At midrapidities, the
motion of charged particles could be affected by two com-
peting mechanisms, namely the Lorentz force and the
Faraday’s law effect [24, 25]: the former is caused by the
initial strong magnetic field, and the latter, by the fast
decline of the field. This paper will focus on the net effect
of the two. We have no intention to (and indeed by this
study we cannot) separate the two effects.
II. DISTORTION OF THE RELATIVE ANGLE
BETWEEN ELECTRON AND POSITRON
WITHIN A PAIR
The coordinate system in this study is delineated in
Fig. 1, the same as that in Ref. [26]. The x-axis is set by
the direction of the impact parameter (bˆ), and the z-axis
represents the beam direction (pˆbeam). The y-axis points
to the opposite direction of the magnetic field (Bˆ = bˆ ×
pˆbeam).
FIG. 1: The setup of the coordinate system. See text
for details.
Without loss of generality, we assume that the Lorentz
force dominates over the Faraday’s law effect at midra-
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2pidities. As a result, looking down the y-axis, negatively-
and positively-charged particles are deflected clockwise
and counter-clockwise, respectively (Fig. 1). Such de-
flections are most prominent for electrons and positions
owing to their light masses. Another reason to take lep-
tons as an example is that they are “penetrating probes”,
receiving minimal influence from later-stage hadronic in-
teractions. We introduce a relative angle
∆α ≡ αe+ − αe− , (1)
where αe− (αe+) is the angle of electron(positron) mo-
mentum projected onto the reaction plane (Fig. 1). If
charged particles are produced randomly, they remain
random after the deflections. In this case, the ∆α dis-
tribution is flat before and after the deflections, and one
cannot tell whether particles have experienced deflections
or not. In reality, particles are not always produced ran-
domly. Oppositely charged particles that originate from
real particle decays are governed by energy and momen-
tum conservation, causing a non-uniform structure in the
∆α distribution. Figure 2 illustrates the ∆α distribution
for positron-electron pairs that come from decays of vir-
tual particles with mass of 0.5 GeV/c2, and momentum
of 0.2 GeV/c or 0.5 GeV/c. The momentum directions
of the virtual particles have been randomized. By con-
struction, without a magnetic field, the ∆α distribution
is symmetric w.r.t ∆α = pi, since the probability has to
be the same when the two decay daughters are swapped.
The opening angle between the two daughters depends
on the parent’s mass and momentum: larger mass and/or
lower momentum will lead to a wider opening angle. In
Fig. 2 this means that the two peak positions will move
towards ∆α = pi for larger mass and/or lower momen-
tum. In reality, it is not straightforward to predict the
structure of this distribution, which is a convoluted effect
of mass and momentum of the e+e− continuum, but in
general, the distribution is non-flat and symmetric w.r.t
∆α = pi.
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In the presence of the magnetic field, charged particles
at midrapidities are deflected by both the Lorentz force
and the Faraday’s law effect. Below we take the Lorentz
force as an example to describe our proposed observable.
The Lorentz force will cause an angle change, δα, to a
particle with charge q and mass m,
δα = −q
∫
Bdt
γRPm
, (2)
where t is the acting time of the magnetic field (B),
and γRP is the Lorentz factor for the particle’s veloc-
ity projected onto the reaction plane. The change in
∆α(≡ αe+ − αe−) for an e+e− pair is
δ(∆α) = δαe+ − δαe−
= −|e|
∫
Bdt
me
(
1
γRP,e+
+
1
γRP,e−
).
(3)
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FIG. 2: (Color online) Simulated ∆α distributions for
e+e− pairs from decays of virtual particles with mass of
0.5 GeV/c2, and momentum of 0.5 GeV/c (solid line) or
0.2 GeV/c (dotted line). The momentum directions of
the virtual particles have been randomized.
0 1 2 3 4 5 6
Co
un
ts
50
100
150
200
250
310×
after B turning on
before B turning on
 (rad)α∆
0 1 2 3 4 5 60
50
100
150
200
250
10×
FIG. 3: (Color online) The upper panel shows the ∆α
distribution for random electrons and positrons, before
(solid line) and after (dashed line) the turning on of the
magnetic field. The lower panel shows the same
distribution for e+e− pairs originating from decays of
virtual particles with mass of 0.5 GeV/c2 and
momentum of 0.5 GeV/c, before (solid line) and after
(dashed line) the turning on of the magnetic field.
Positively- and negatively-charged particles receive the
Lorentz force in opposite directions, and the deflection
of an electron or a positron depends on its own γRP
(Eq.(3)). Consequently, the ∆α distribution is distorted,
with its peak shifted and skewed. To demonstrate this
effect, we apply a magnetic field of eB = 5× 10−3 GeV2
for a period of 1 fm/c to one of the aforementioned simu-
lation cases (p = 0.5 GeV/c), as shown in the lower panel
of Fig. 3. The introduction of the magnetic field clearly
breaks the symmetry w.r.t ∆α = pi. In comparison, a
case with random electrons and positrons is shown in the
upper panel where no effects can be seen.
As an example of the ∆α distribution with a convo-
3luted mass continuum, we repeat in Fig. 4 the same pro-
cedure but with a realistic e+e− continuum taken from
the STAR publication [23]. Again the distribution is
skewed when the magnetic field is on. The inclusion
of the Faraday’s law effect would make this distortion
less prominent, but in general won’t exactly cancel the
Lorentz effect. The description of the combination of the
two effects (the Lorentz effect and the Faraday’s law ef-
fect) requires detailed knowledge of the magnetic field
and its time dependence, which is beyond the scope of
this paper. To summarize this section, from the experi-
ment’s perspective, the asymmetric ∆α distribution is a
key signature of the initial magnetic field. In the follow-
ing two sections, we propose two approaches to quantify
this effect.
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FIG. 4: (Color online) The simulated ∆α distribution
using the e+e− continuum taken from the STAR
publication [23], in which the e+e− continuum is for
pT < 1.5 GeV/c, |η| < 1 and invariant mass from 0.4
GeV/c2 to 0.76 GeV/c2. The blue solid line represents
the distribution without the magnetic field, and the red
dashed line denotes the case with the magnetic field.
III. ANGULAR CORRELATION BETWEEN
THE e+e− PAIR AND THE REACTION PLANE
Experimentally the direction of the magnetic field is
determined by Bˆ = bˆ × pˆbeam, and the azimuthal angle
of bˆ in the transverse plane (x-y plane in Fig. 1) is called
the reaction plane angle, ΨRP. ΨRP itself is reconstructed
from final particles, and bears a finite resolution. Thus
the observed ∆α is different from the true value, and
the observed asymmetry of the ∆α distribution is also
biased. It is not facile to correct the ∆α distribution for
this resolution effect. However, we will show below that
with a well-defined observable that is based on ∆α, the
effect of the finite event plane resolution can be taken
into account to quantify the ∆α asymmetry.
We first define a unit vector for an e+e− pair
sˆ ≡ eˆ
+ × eˆ−
| sin ξ| , (4)
where eˆ+(sinβe+ cosαe+ , cosβe+ , sinβe+ sinαe+) and
eˆ−(sinβe− cosαe− , cosβe− , sinβe− sinαe−) are unit vec-
tors representing the momentum directions of positron
and electron inside a pair, respectively, and ξ is the
opening angle between them. Let θ be the angle between
sˆ and Bˆ, and we have
cos θ = sˆ · Bˆ = − sinβe+ sinβe− sin ∆α| sin ξ| . (5)
Note that cos θ is a function of βe+ , βe− and ∆α only,
since ξ is determined by these three angles
cos ξ = cosβe+ cosβe− + sinβe+ sinβe− cos ∆α. (6)
When the magnetic field is turned on, ∆α decreases,
whereas βe+ and βe− remain unchanged. The change
in the cos θ distribution will come solely from the change
in ∆α. Thus instead of directly looking at the ∆α dis-
tribution, we can check the asymmetry (w.r.t. θ = pi/2)
of the cos θ distribution, for which the procedure can be
taken from an existing framework that is used to study
Λ global polarization [26].
We can express the dNd cos θ distribution as:
dN
d cos θ
∼ 1 + Ps cos θ, (7)
where Ps quantifies the asymmetry effect, in analog to PH
used in the hyperon global polarization study. Without
the magnetic field, Ps is zero, since there is an equal
possibility for sˆ to point up and down. It can be shown
that
Ps = 3〈cos θ〉. (8)
In practice, the observation of Ps may directly follow the
steps of the global polarization measurement [26] :
Ps = − 8
pi
〈
sin(φs −Ψ(1)EP)
〉
R
(1)
EP
. (9)
Here φs is the azimuthal angle of sˆ in the transverse
plane, Ψ
(1)
EP is the first-order event plane angle, and R
(1)
EP
is its resolution. The Ps observable takes advantage of
an established framework where the effects of the finite
event plane resolution and the detector acceptance are
well understood. The latter effect is not discussed here,
but can be found in Ref. [26].
Note that Ps depends on mass and momentum of the
parent. This is more conveniently demonstrated with the
quantity of 〈sin ∆α〉. When a parent has a large mass, it
tends to decay into a back-to-back e+e− pair (∆α ∼ pi),
and as the magnetic field slightly decreases ∆α, 〈sin ∆α〉
becomes positive. Conversely, when a parent has a high
momentum, it tends to produce a near-angle e+e− pair
(∆α ∼ 0), and with the slight decrease of ∆α, 〈sin ∆α〉
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FIG. 5: (Color online) 〈sin ∆α〉 for e+e− pairs from
free-decay parents, as a function of the parents’ mass
and momentum. The applied magnetic field is
eB = 5× 10−3 GeV2 for a period of 1 fm/c.
becomes negative. This is shown with a free-decay sim-
ulation in Fig. 5. On top of the two mechanisms men-
tioned above, when the parent’s momentum or mass is
large, γRP also becomes large, which counter-acts the de-
flection according to Eq. (3). This explains why in Fig. 5
the largest magnitudes do not appear at infinitely large
mass or momentum. Instead, they peak/dip at relatively
low mass or momentum regions. Without educated se-
lection on mass and momentum, 〈sin ∆α〉 from positive
and negative contributions can largely cancel each other,
downgrading the sensitivity of the observable. Experi-
mental search for a finite Ps can use Fig. 5 to tune the
mass and momentum selection for an optimal signal.
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FIG. 6: (Color online) (−Ps) versus relative production
time (τr) of e
+e− pairs, for two cases of the initial
magnetic fields. Solid lines (KMW) are based on
Fig.A.2 in Ref. [1], for b = 8 fm. Dashed lines (HSD)
are based on Fig. 4 in Ref. [28], for b = 10 fm. For both
cases, the Ps calculation is done for three divisions of
e+e− invariant mass (Mee) according to Ref. [23].
The enhanced dilepton production at very low trans-
verse momenta (pT ) observed at both RHIC [23] and
LHC [27] has been related to the initial electromagnetic
field. Figure 6 presents our Ps calculation with a re-
alistic low-pT e
+e− continuum (pT and mass spectrum
taken from the STAR publication [23]). We assume
that e+e− pairs are produced at midrapidities and at
a time relative to the peak time of the magnetic field,
τr = τproduction − τpeakB. After the leptons are pro-
duced, their momentum directions are deflected by the
remaining magnetic field in two cases: one calculated
by Kharzeev, McLerran and Warringa (KMW) [1], and
the other from the approach of Hadron String Dynamics
(HSD) by Voronyuk et al. [28]. The resultant Ps is on the
order of 10−3−10−1 level. In general, HSD gives lower Ps
values than KMW, because the retarded magnetic field
in the HSD model has a lower peak magnitude and de-
cays faster. In reality, e+e− pairs are not produced at
a single point in time, and hence one needs to use this
figure to take a weighted average of Ps over τr. Note
that for both the KMW- and HSD-based calculations,
the field is taken at the centroid of two colliding nuclei,
which is at its maximum in space. If instead one aver-
ages B over space, the resultant Ps will be smaller. As
we have only considered the Lorentz force, the Farady’s
law effect will make Ps smaller, and meanwhile the mag-
netic induction will make it larger. A full consideration
requires detailed modeling, which is beyond the scope of
this paper. Here we only attempt to demonstrate the
feasibility of detecting Ps, and to provide a guidance on
its order of magnitude.
As a disclaimer, a construction of the cross product of
particle pairs with opposite charges has been discussed
in [29, 30]. An attempt to apply sˆ · Bˆ on e+e− pairs
to look for the magnetic field can be found in Ref. [31],
proposing a skewness study of its distribution. However,
the method was applied on dileptons produced by ther-
mal radiation, for which the signal is expected to be weak.
In our paper, we have designed a different observable
(Ps), which can be conveniently measured with compre-
hensive and practical considerations. We have also of-
fered insights on the underlying reasons for which the
procedure works, as well as insights on the optimization
of the signal.
IV. SIGNED BALANCE FUNCTION
The magnetic field also creates a charge imbalance in
the ∆α space. In this section, we discuss how to quantify
the magnetic field effect with slightly modified balance
functions that take into account the order of the two bal-
ancing charges. We invoke two signed balance functions,
BP (∆α) = N+−(∆α)−N++(∆α)
N+
, (10)
5and
BN (∆α) = N−+(∆α)−N−−(∆α)
N−
. (11)
Here N+−(∆α) denotes the number of e+e− pairs in
a given ∆α range (∆α = αe+ − αe−) in all events.
N++(∆α), N−+(∆α) and N−−(∆α) are defined in a sim-
ilar way, except that ∆α becomes (αe+ − αe+), (αe− −
αe+) and (αe− −αe−), respectively. Note that unlike the
uniquely defined ∆α as in Sec. II and III, now different
combinations of the subscripts a and b in Nab correspond
to different constructions of ∆α. N+(−) is the number of
positrons (electrons) integrated over all events.
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FIG. 7: (Color online) BP and BN calculated for e+e−
pairs from virtual-particle decays, with and without the
magnetic field. The magnetic field and its acting time,
mass and momentum of the virtual particle are the
same as those in Fig. 3.
In general, the balance function reflects the absolute
separation of particles in phase space [32, 33]. For ex-
ample, the balance function in pseudorapidity, B(∆η),
spans the absolute difference in pseudorapidity between
two balancing particles, ∆η = |ηa−ηb|. Here we consider
the signed difference, instead of the absolute difference, in
the α space. We also investigate BP and BN separately,
instead of the average of the two. For completeness, the
standard balance function can be recovered as:
B(|∆α|) = 1
2
[BP (|∆α|) + BN (|∆α|)]. (12)
These two signed balance functions, BP and BN , are
subject to the effect of the magnetic field. Figure 7 shows
our simulations of BP and BN with a magnetic field act-
ing upon e+e− pairs from virtual-particle decays. Here
the magnetic field, mass and momentum of the virtual
particle are the same as those in Fig. 3. Without the
magnetic field, the two functions coincide. Conversely,
when the magnetic field is on, for the same reason men-
tioned in Sec. II, the two functions are skewed away from
each other, with BP (BN ) shifting towards the negative
(positive) ∆α direction. In fact, the magnetic field will
also modify the width of the standard balance function,
Sk
ew
n
e
ss
0.003−
0.002−
0.001−
0
0.001
0.002
0.003
 
2<0.76 GeV/c
ee
KMW, 0.40<M
 
2<1.20 GeV/c
ee
KMW, 0.76<M
 
2<2.60 GeV/c
ee
KMW, 1.20<M
 
2<0.76 GeV/c
ee
HSD, 0.40<M
 
2<1.20 GeV/c
ee
HSD, 0.76<M
 
2<2.60 GeV/c
ee
HSD, 1.20<M
NB
PB
 (fm/c)rτ
0 0.05 0.1 0.15 0.2 0.25
)/2 PB
-
 
S
NB
(S 4−10
3−10
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
FIG. 8: (Color online) Upper panel: skewness of BP and
BN versus relative production time (τr) of e+e− pairs,
for two cases of the initial magnetic field. Solid lines
(KMW) are based on Fig.A.2 in Ref [1], for b = 8 fm.
Dashed lines (HSD) are based on Fig. 4 in Ref [28], for
b = 10 fm. For both cases, the calculation is done for
three divisions of e+e− invariant mass (Mee) according
to Ref. [23]. Lower panel: the same calculation, but
presented with normalized skewness difference,
SBN−SBP
2 , in log scale for clear view of small values.
B(|∆α|). However, such information is not easily obtain-
able, since it is elusive to define a good reference for the
case without the magnetic field. On the other hand, with
the modified balance function we suggest, the reference
is clear for the case without the magnetic field: BN and
BP have to be identical, and both are symmetric w.r.t
∆α = 0, according to simple symmetry arguments.
In Fig. 8, we conduct a similar exercise as in Fig. 6,
except that here we calculate the skewness of BP and
BN instead of Ps. The skewness values for BP and BN
bear opposite signs, as expected. The values are on the
order of 10−4 − 10−3 level. This information serves as a
reference to gauge the experimental measurements of the
magnetic field using these signed balance functions.
As mentioned in the previous section, the event plane
resolution can be conveniently corrected for the Ps mea-
surements. For the approach presented in this section,
the effect due to the event plane resolution has to be
studied through simulation. On the other hand, the ex-
6traction of the skewness of BP and BN does not require
the reconstruction of mixed events for background sub-
traction (that is needed for the Ps calculation), because
the balance function by design has already subtracted
the same-sign pairs, serving the purpose of background
subtraction.
V. SENSITIVITY STUDY
In order to understand the sensitivity of different ob-
servables, we simulate e+e− pairs with the same initial p2T
spectra (before applying the EM effect) as used to study
the pT broadening in Ref. [23], which is based on the cal-
culations by Zha et al. [34]. As shown with the dashed
line in the top panel of Fig. 9, we tune the statistics to
achieve the 6σ significance for the change of
√〈p2T 〉 (the
same as stated in Ref. [23]), with a constant magnetic
field of 1014 T that lasts 1 fm/c, within the invariant
mass range of 0.4− 0.76 GeV/c2. The mass window, ap-
plied magnetic field and the duration it lasts are also the
same as used in [23]. With the same data sample, the
significance values (nσ) for the Ps and for the skewness
of the balance function, (SBN − SBP )/2, are also shown
as functions of
∫
eBdt with a solid line and a dot-dashed
line, respectively. The two approaches proposed in this
paper clearly outperform the approach based on
√〈p2T 〉.
This is expected because the parent pT is indirectly af-
fected by the magnetic field via the distortion of the rela-
tive angle (∆α) between the two daughters. Conversely,
the Ps and the skewness of the balance function directly
probe the change in ∆α. We also mark the
∫
eBdt values
for the two cases of the magnetic field calculations (HSD
and KMW), both of which are time dependent, instead of
being constant. When more realistic magnetic fields are
employed, the significance is largely reduced, compared
with the case of the constant magnetic field.
The bottom panel of Fig. 9 shows the sensitivity for
pi+pi− pairs with a simplified, conservative assumption
that only one ρ meson per event is detected through the
pi+pi− channel, although dN/dy for the ρ production is
∼ 5.4 [35]. Pions are heavier than electrons, and pion
pairs are produced later than e+e− pairs, but they out-
number e+e− pairs by a large amount. The absolute
significance depends on many factors, such as the pro-
duction time of pion/electron pairs, the strength of the
magnetic field, its sustainability in the QGP medium,
and so on. The intention here is not to give a definite
guidance on the significance, but to point out that pi+pi−
pairs are also worth investigating owing to their relatively
large statistics.
VI. SUMMARY
We have investigated the imprint left by the initial
magnetic field on pairs of oppositely charged particles in
relativistic heavy-ion collisions. The underlying mech-
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FIG. 9: The sensitivity for e+e− (top panel) and pi+pi−
(bottom panel) pairs, based on studies with simulated
pairs. See text for details. The invariant mass spectrum
for signal pair of pi+pi− is taken from [36].
anism is the distortion of the relative angle between
positively- and negatively-charged particles inside a pair.
We adopt two observables to detect this effect: one based
on the framework for measuring the hyperon global polar-
ization, and the other based on the balance function with
slight modifications. We have estimated the magnitude
ranges and studied sensitivities for the two observables
in the case of the Lorentz force. The knowledge docu-
mented in this paper will facilitate the experimental ef-
forts to quantify the strong magnetic field in high-energy
nuclear collisions.
ACKNOWLEDGEMENTS
We’d like to thank J. Liao, Q. Y. Shou, S. Yang and
Z. Xu for fruitful discussions. Y.J. Ye and Y.G. Ma
are supported in part by the National Natural Science
Foundation of China under Contracts No. 11890710, No.
11890714, and No. 11421505, the Key Research Pro-
gram of Frontier Sciences of the CAS under Grant No.
QYZDJ-SSW-SLH002, and the Key Re- 364 search Pro-
gram of the CAS under Grant No. XDPB09. A.H. Tang
is supported by the US Department of Energy under
Grants No. DE-AC02-98CH10886 and No. DE-FG02-
89ER40531. G. Wang is supported by the US Depart-
ment of Energy under Grant No. DE-FG02-88ER40424.
7[1] D. E. Kharzeev, L. D. McLerran and H. J. Warringa,
Nucl. Phys. A 803, 227 (2008)
[2] G. Basar, D.E. Kharzeev and V. Skokov, Phys. Rev. Lett.
109, 202303 (2012)
[3] Y. Hirono, D.E. Kharzeev and Y. Yin, Phys. Rev. D 92,
no. 12, 125031 (2015)
[4] A. Ipp, A. Di Piazza, J. Evers and C. H. Keitel, Phys.
Lett. B 666, 315 (2008)
[5] K. A. Mamo and H. U. Yee, Phys. Rev. D 88, no. 11,
114029 (2013)
[6] D. E. Kharzeev, J. Liao, S. A. Voloshin and G. Wang,
Prog. Part. Nucl. Phys. 88, 1 (2016)
[7] K. Hattori, X. G. Huang, Nucl. Sci. Tech. 28, 26 (2017).
[8] Y. Burnier, D. E. Kharzeev, J. Liao and H. U. Yee, Phys.
Rev. Lett. 107, 052303 (2011)
[9] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett.
103, 251601 (2009)
[10] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C
81, 054908 (2010)
[11] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C
88, no. 6, 064911 (2013)
[12] L. Adamczyk et al. [STAR Collaboration], Phys. Rev.
Lett. 113, 052302 (2014)
[13] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C
89, no. 4, 044908 (2014)
[14] L. Adamczyk et al. [STAR Collaboration], Phys. Rev.
Lett. 114, no. 25, 252302 (2015)
[15] B. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett.
110, no. 1, 012301 (2013)
[16] J. Adam et al. [ALICE Collaboration], Phys. Rev. C 93,
no. 4, 044903 (2016)
[17] S. Acharya et al. [ALICE Collaboration], Phys. Lett. B
777, 151 (2018)
[18] V. Khachatryan et al. [CMS Collaboration], Phys. Rev.
Lett. 118, no. 12, 122301 (2017)
[19] A. M. Sirunyan et al. [CMS Collaboration], Phys. Rev.
C 97, no. 4, 044912 (2018)
[20] X. Guo, S. Shi, N. Xu, Z. Xu and P. Zhuang, Phys. Lett.
B 751, 215 (2015)
[21] L. Adamczyk et al. [STAR Collaboration], Nature 548,
62 (2017)
[22] S. K. Das, S. Plumari, S. Chatterjee, J. Alam, F. Scardina
and V. Greco, Phys. Lett. B 768, 260 (2017)
[23] J. Adam et al. [STAR Collaboration], Phys. Rev. Lett.
121, no. 13, 132301 (2018)
[24] U. Gursoy, D. Kharzeev and K. Rajagopal, Phys. Rev. C
89, no. 5, 054905 (2014)
[25] U. Grsoy, D. Kharzeev, E. Marcus, K. Rajagopal and
C. Shen, Phys. Rev. C 98, 055201 (2018)
[26] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C
76, 024915 (2007) Erratum: [Phys. Rev. C 95, no. 3,
039906 (2017)]
[27] M. Aaboud et al. [ATLAS Collaboration], Phys. Rev.
Lett. 121, no. 21, 212301 (2018)
[28] V. Voronyuk, V. D. Toneev, W. Cassing,
E. L. Bratkovskaya, V. P. Konchakovski and
S. A. Voloshin, Phys. Rev. C 83, 054911 (2011)
[29] D. Kharzeev, R. D. Pisarski and M. H. G. Tytgat, Phys.
Rev. Lett. 81, 512 (1998)
[30] L. E. Finch, A. Chikanian, R. S. Longacre, J. Sandweiss
and J. H. Thomas, Phys. Rev. C 65, 014908 (2001).
[31] R. Tanizaki, Master Thesis, Hiroshima University
(2015).
http://www.hepl.hiroshima-
u.ac.jp/thesis/master/15tanizaki thesis.pdf
[32] S. A. Bass, P. Danielewicz and S. Pratt, Phys. Rev. Lett.
85, 2689 (2000)
[33] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett.
90, 172301 (2003)
[34] W. Zha, L. Ruan, Z. Tang, Z. Xu and S. Yang, Phys.
Lett. B 781, 182 (2018)
[35] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett.
92, 092301 (2004)
[36] J. Zhao, H. Li and F. Wang, Eur. Phys. J. C 79, 168
(2019).
